1. Introduction {#sec1}
===============

The atypical pneumonia--Corona Virus Disease 2019 (COVID-19) is rapidly spreading throughout the world. The World Health Organization (WHO) has declared the outbreak of COVID-19 as pandemic. The causal pathogen, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), is a newly isolated coronavirus, which first massively spread in the South China Seafood Market in Wuhan. This is the third large-scale epidemic caused by coronaviruses in the last two decades after Severe Acute Respiratory Syndrome (SARS) in 2003 and Middle East Respiratory Syndrome (MERS) during 2012, 2015 and 2018.

There is still uncertainty about the transmission route of the SARS-CoV-2. According to the New Coronavirus Pneumonia Diagnosis and Treatment Plan (Trial Version 7) published by Chinese National Health Commission on March 3, 2020,^[@ref1]^ the main human-to-human transmission routes are close contacts (direct/indirect) and large respiratory droplets by coughs or sneezes or droplets of saliva, but the aerosol and fecal-oral transmission could not be excluded and need further investigation. Different from large droplets, the aerosols are particles small enough to suspend in the air for prolonged time, normally with an aerodynamic diameter less than 10 μm, and often referred to as "droplet nuclei."^[@ref2]^ It was shown that 87% of the exhaled particles were below 1 μm.^[@ref3]^ There was potential evidence for the aerosol transmission route of SARS.^[@ref4]^ Studies have suggested that aerosols could be an important mode of transmission for influenza over both short and longer distances.^[@ref5]−[@ref7]^ However, the issue of long-range infection is still contentious, since the risk of long-range transmission by aerosols is dependent on the amount of the virus-containing particles, biologic decay, and infectious dose.^[@ref6],[@ref8]^

In the current situation, great efforts have already been taken to prevent the transmission by contacts and droplets, e.g., washing hands and social distancing. A recent study has detected SARS-CoV-2 in aerosols.^[@ref9]^ However, the role of the aerosol transmission is still uncertain. A thorough assessment of aerosol transmission risk is required to better understand and control its influences. Quantitative Microbial Risk Assessment (QMRA) is an effective methodology to estimate the risk of infectious diseases. QMRA has been utilized to investigate the inhalation health risk of pathogens generated from reused water^[@ref10],[@ref11]^ and waste management facilities for livestock farms.^[@ref12],[@ref13]^ Recently, the QMRA method has been adopted to investigate the airborne infection risk of MERS-CoV in a hospital, which indicated that the daily mean risk of infection for the nurses and healthcare workers was relatively high (\>10^--4^).^[@ref14]^ Atmospheric dispersion models were utilized in the QMRA studies^[@ref15]^ for foot-and-mouth-disease virus,^[@ref16]−[@ref21]^ avian influenza virus,^[@ref22],[@ref23]^*Legionella*,^[@ref24]^ the spore-forming bacterium *B.anthracis*,^[@ref25]−[@ref27]^ and the *C. burnetii* bacterium for Q fever.^[@ref28],[@ref29]^ The atmospheric dispersion models^[@ref30]−[@ref32]^ estimate the temporal and spatial distribution of hazardous pollutants for a large scale and long period, which is difficult to achieve by field sampling and measurements.^[@ref33]−[@ref36]^ Biologic decays were normally included in the models.^[@ref15]^

In this study, we evaluated the infection risk of SARS-CoV-2 induced by aerosol transmission during the initial phase of the spread in the South China Seafood Market in December 2019 based on the QMRA method, by assuming one infected shopkeeper working inside Street No. 7 and by integrating the best available information about the virus as well as their uncertainties. A zone model^[@ref37]^ and a three-dimensional Lagrangian dispersion model^[@ref38]^ were utilized to estimate the airborne virus concentration and exposure in the market and outdoor environments. The key processes were integrated into the assessment, including viral shedding, dispersion in air, deposition, biologic decay, and lung deposition. The infection risk was assessed using the dose--response model developed for SARS-CoV.^[@ref39]^ Monte Carlo simulations are conducted to take into account the uncertainties in viral shedding, biologic decay, and the dose--response parameters. The infection risk by aerosol transmission was quantified for people in various scenarios, e.g., costumers and shopkeepers inside the market and pedestrians near the market and at the neighboring area hundreds of meters away from the market. The infection risks due to close contact (direct/indirect) and large respiratory droplets by coughs or sneezes or droplets of saliva were not included in this study.

2. Materials and Methods {#sec2}
========================

2.1. Scenario of South China Seafood Market {#sec2.1}
-------------------------------------------

The assessment focused on the Wuhan South China Seafood Market ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}), where the virus massively spread during the initial phase. The market is about 50 000 m^2^ (<https://zh.wikipedia.org/>) with more than 1000 shops distributed in 12 commercial streets of the east district and 15 commercial streets of the west district. The streets are almost isolated from each other, only connected by an aisle as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c. The ventilation system inside the market had not been used for years,^[@ref40]^ so it was assumed that the air exchange inside the market was only dependent on natural ventilation.

![Computation domain of the study. (a) Nested domain was utilized to calculate the detailed wind field near the South China Seafood Market: outer domain for the mesoscale numerical weather prediction model GRAMM (Graz Mesoscale Model wind fields) and inner domain for GRAL (microphysics Graz Lagrangian Model). (b) The GRAL calculation domain for the wind field and atmospheric dispersion in the area populated by buildings. The shielding effects of the surrounding buildings have been considered. (c) The calculation domain for the zone model, which was developed and utilized to calculate the aerosol transport and deposition inside the market.](es0c02895_0001){#fig1}

The market-related infected cases contributed about 55% (26/47) to the total reported number before January 1, 2020, when the market was closed.^[@ref41]^ The onset of illness of the first market related case was on December 13, 2019.^[@ref41]^ The virus might have already spread inside the market at the beginning of December considering the normal incubation period of about 2 weeks. As a result, the assessment covered the whole December of 2019.

According to Chinese Center for Disease Control and Prevention (China CDC), about 42.4% of the positive environmental samples for SARS-CoV-2 were from Street No. 7 and No. 8,^[@ref42]^ which are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c. The spatial distribution of the infected cases is still uncertain. In this study, it was assumed that there was one infected person inside Street No. 7 working from 6:00 to 18:00 every day, and the air flow was dominantly along the street due to the symmetrical structure of the market. After the simplification, the virus concentration was only calculated in the area defined by the red dashed line in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c. The geometrical dimension of the market was estimated from the satellite images and the street photos. The length and width of each street were respectively about 70 and 9 m, with a height of 5 m. The sizes of the entrances for the street were about 3 m in width and 2.5 m in height.

2.2. Viral Shedding from Infected Person {#sec2.2}
----------------------------------------

The virus concentration of SARS-CoV during the growth of post infection was about 10^5^ to 10^7^ plaque-forming units per mL (PFU mL^--1^)^[@ref43]^ in the respiratory fluid from the apical surface of the human airway epithelial cell culture system (HAE), which is an *in vitro* model of the human airway epithelium. A similar level of MERS-CoV concentration was also found in the HAE system.^[@ref44]^ It is reasonable to assume SARS-CoV-2 has a similar concentration. If the virus concentration is homogeneous in the respiratory fluid, the total viral shedding *E*~virus~ can be estimated aswhere *C*~virus~ is the viral concentration in the respiratory fluid, *N*~*i*~ is particle number in size bin *i*, and *d*~0,*i*~ is the diameter of the expelled fresh droplets before evaporation.

The aerodynamic diameters of the particles generated by breathing were mainly below 5 μm, and they had already achieved an equilibrium state after evaporation,^[@ref45]^ with a diameter of *d*~eq~. The number concentrations of the expelled droplet nuclei were about 0.098 particles cm^--3^ for mouth breathing,^[@ref45]^ including four size bins (*d*~eq~): 0 to 0.8 μm (0.084 cm^--3^), 0.8 to 1.8 μm (0.009 cm^--3^), 1.8 to 3.5 μm (0.003 cm^--3^), and 3.5 to 5.5 μm (0.002 cm^--3^). The tidal volume was set as 500 mL per inspiration, and 20 inspirations per minute for an adult.^[@ref46]^ The relation between the initial droplet diameter *d*~0~ and the diameter of the equilibrium droplet nuclei *d*~eq~ was estimated following the method proposed by Nicas et al.,^[@ref47]^ assuming that the solute in the respiratory fluid was dominated by ions:

The virus concentration in respiratory fluid *C*~virus~ was treated as a stochastic variable in this study. Based on the experimental data,^[@ref43],[@ref44]^*C*~virus~ was assumed to follow a log-normal distribution log~10~(*C*~virus~) ∼ *N*(6, 0.3). The estimated concentration by the log-normal distribution was mainly between 10^5^ and 10^7^ PFU mL^--1^. Monte Carlo simulations were conducted to incorporate the influences of the uncertain concentrations into the uncertainties of the final infection risk assessment. The estimated viral shedding was mostly between 1 and 10^3^ PFU per hour, comparable to the shedding of infectious influenza virus with a geometric mean of 37 fluorescent focus units (FFU), a similar unit to PFU, per 30 min sample of fine aerosol with aerodynamic diameter below 5 μm, measured during natural breathing and prompted speed.^[@ref48]^ A recent study^[@ref49]^ investigated the respiratory shedding of coronavirus (NL63, OC43, HKU1, and 229E) in exhaled breath, and the results indicated that there were 10^2^ to 10^5^ virus copies in the aerosol particles below 5 μm collected for 30 min without wearing masks. A previous study on SARS-CoV^[@ref50]^ showed that about 300 viral genome copies were present per PFU. As a result, our estimations are about 3 × 10^2^ to 3 × 10^5^ copies per hour, which agrees well with a recent study.^[@ref49]^ It should be noted that about 30% to 56% of the total collected samples were positive in the aforementioned virus shedding studies.^[@ref48],[@ref49]^ We assumed all the infected persons would shed virus, which may lead to overestimation of the risk, but it is reasonable to keep some safety margins.

2.3. Biologic Decay of Coronavirus in Ambient Environments {#sec2.3}
----------------------------------------------------------

Only one study is available for the biologic decay of SARS-CoV-2,^[@ref51]^ which indicated that the half-lives of SARS-CoV-2 and SARS-CoV were similar in aerosols, about 1.1 to 1.2 h at 21--23 °C and 65% relative humidity. However, biologic decay may depend on the ambient conditions. The decay information reported in the literature for other coronaviruses, including common human coronavirus (HCoV), MERS-CoV, SARS-CoV, transmissible gastroenteritis virus (TGEV), and mouse hepatitis virus (MHV) were collected as shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, to evaluate the uncertainties of this parameter.

###### Biologic Decay of Corona Viruses Reported in the Literature

  no.   virus type                      half-life (hours)                          medium   temperature   relative humidity   ref
  ----- ------------------------------- ------------------------------------------ -------- ------------- ------------------- ------------
  1     SARS-CoV-2                      1.1--1.2[a](#t1fn1){ref-type="table-fn"}   air      21--23 °C     65%                 ([@ref51])
  2     human coronavirus 229E (HCoV)   3.34[a](#t1fn1){ref-type="table-fn"}       air      20 °C         80%                 ([@ref52])
  3     HCoV                            67.33[a](#t1fn1){ref-type="table-fn"}      air      20 °C         50%                 ([@ref52])
  4     HCoV                            26.76[a](#t1fn1){ref-type="table-fn"}      air      20 °C         30%                 ([@ref52])
  5     HCoV                            86.01[a](#t1fn1){ref-type="table-fn"}      air      6 °C          80%                 ([@ref52])
  6     HCoV                            102.53[a](#t1fn1){ref-type="table-fn"}     air      6 °C          50%                 ([@ref52])
  7     HCoV                            34.46[a](#t1fn1){ref-type="table-fn"}      air      6 °C          30%                 ([@ref52])
  8     MERS-CoV                        0.5[b](#t1fn2){ref-type="table-fn"}        air      38 °C         24%                 ([@ref53])
  9     MERS-CoV                        2.0[b](#t1fn2){ref-type="table-fn"}        air      25 °C         79%                 ([@ref53])

The directly reported values.

Estimated values based on the decay curves.

The half-life periods were from 0.5 h to 10^2^ h as shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The data indicated that a low temperature was normally favorable for viruses to survive in the air, but the role of relative humidity (RH) was more complicated. It seemed that there was an optimal RH for the virus to survive, which was about 50% implied for the HCoV.^[@ref52]^ Higher or lower RHs might enhance the inactivation of the viruses. However, more data are still needed to confirm the RH effects. Considering the relatively wide range, the half-life periods were treated as a stochastic variable following the triangular distribution in this study. On the basis of the available data in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, the lower limit, upper limit, and mode of the distribution were respectively set as log~10~(0.5), log~10~(100), and log~10~(10). Half-life periods were sampled following a triangular distribution and utilized by the Monte Carlo simulations.

2.4. Aerosol Transport Model Inside the Market {#sec2.4}
----------------------------------------------

A zone model was developed to estimate the virus concentration and deposition inside Street No. 7 of the market using the above viral shedding and biologic decay data. The zone model assumed that the virus concentration was homogeneous due to the mixing by human movements. The variation of the airborne concentration of active viruses inside the market was controlled by the following relation:where *V*~m~ is the inner volume of Street No. 7, *c* (PFU m^--3^) is the viral concentration, *Q* is the ventilation rate (m^3^ s^--1^); *S*~v~, *S*~u~, and *S*~d~ are the areas (m^2^) of vertical, upward-facing, and downward-facing surfaces of Street No. 7, respectively; *v*~dv~, *v*~du~, and *v*~dd~ are deposition velocities (m s^--1^) for the corresponding surface; λ is the biologic decay rate of the virus (s^--1^); and σ is the viral shedding rate (PFU s^--1^). The airflow was hourly updated. The concentration inside Street No. 7 at hour *t* was calculated as

The ventilation rate *Q* was estimated using the airflow network (AFN) analysis, following the method proposed by Karava et al.^[@ref54]^ The deposition velocities were estimated following the method proposed by Lai et al.^[@ref37]^ The detailed methods are introduced in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c02895/suppl_file/es0c02895_si_001.pdf).

2.5. Atmospheric Dispersion Model {#sec2.5}
---------------------------------

The atmospheric dispersion in the ambient environment was calculated using the coupled model system of GRAMM/GRAL^[@ref38]^ (version 19.03), where GRAMM (Graz Mesoscale Model wind fields) is an Eulerian mesoscale numerical weather prediction model and GRAL (microphysics Graz Lagrangian Model) is a Lagrangian dispersion model. The model system was designed to reproduce the atmospheric transport of pollutants in complex terrain, e.g., the inner-Alpine basins. It has already been utilized to simulate NOx and particulate matter concentrations with high resolution in Zurich.^[@ref55]^

The computational domain of the GRAMM model is shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a. The size of the domain was about 20 km (west--east) × 12 km (south--north), with a horizontal resolution of 300 m. There were 15 layers in the vertical direction. The thickness of the first layer was 10 m, and the vertical stretching factor was 1.4. The height of the domain was 3874 m. The GRAMM model was driven by the reanalysis meteorological data, 0.25 Degree Global Forecast Grids Historical Archive, provided by the Global Forecast System (GFS) of the National Centers for Environmental Prediction (NCEP).^[@ref56]^ The topography data were from the Shuttle Radar Topography Mission (SRTM) digital elevation data with 1 arc-second resolution.^[@ref57]^ The land cover data were from the Finer Resolution Observation and Monitoring of Global Land Cover (FROM-GLC) 2017v1 with 30 m resolution.^[@ref58]^ The building data were acquired from Baidu Map.

The GRAL model utilized the GRAMM data to further calculate the wind flow and aerosol dispersion inside the area populated by buildings. The computational domain of GRAL is shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a. The domain was about 1.86 km (west--east) × 1.43 km (south--north), with a horizontal resolution of 2 m and 163 vertical layers. The thickness of the first layer was 2 m, and the stretching factor was 1.01. The height of the domain was 813 m, about 5 times higher than the tallest building in the domain.

2.6. Dose--Response Model {#sec2.6}
-------------------------

The dose--response relation is normally utilized to assess the infection risk as a function of the exposure dose. However, there is no available information about the dose--response relation for SARS-CoV-2. SARS-CoV-2 and SARS-CoV share the same host cell receptor angiotensin-converting enzyme 2 (ACE2), and they also share similar profiles of cellular tropism,^[@ref59]^ indicating commonalities between the infectivity of these two viruses.^[@ref60]^ As a result, the exponential model developed by Watanabe et al.^[@ref39]^ for SARS-CoV could be a reasonable surrogate for the infection risk assessment in this study. The exponential model is expressed aswhere *p*(*d*) is the infection risk at a dose of *d* in units of plaque-forming units (PFU) and *k* is a pathogen dependent parameter, which was optimally estimated as 4.1 × 10^2^ PFU for SARS-CoV based on the data for the infection of transgenic mice susceptible to SARS-CoV.^[@ref39]^ The study^[@ref39]^ also estimated that *k* ranged between 10 and 10^4^ PFU based on the experiments challenging humans or mice with different coronaviruses, including HCoV-229E,^[@ref61]^ MHV-S,^[@ref62]^ MHV-2,^[@ref63]^ and HEV-67N.^[@ref64],[@ref65]^ In order to fully consider the uncertainties, we adopted the distribution log~10~(*k*) ∼ *N*(log~10~(410), log~10~(410/20)/3) for *k.* The lower end the distribution was about 20 PFU, with infectivity 20 times higher than the optimal value. The dose *d* was estimated bywhere *N*~resp~ is the total number of respirations (20 times per minute), *V*~tidal~ is the tidal volume (500 mL per inspiration), *c*~air,*i*~(*t*) is the airborne virus concentration carried by the particles in size bin *i*, and *f*~dep~ is the deposition fraction of the particles in size bin *i* in the human respiratory tract, including anterior nasal, naso-oropharynx/larynx, bronchi, bronchioles, and alveolar interstitial. The deposition fraction *f*~dep~ was calculated using the deposition model for pathogenic bioaerosols,^[@ref66]^ as shown in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c02895/suppl_file/es0c02895_si_001.pdf).

3. Results and Discussion {#sec3}
=========================

3.1. Meteorological Condition {#sec3.1}
-----------------------------

The average temperature in Wuhan was about 6 to 10 °C in December, and the relative humidity was about 75%. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a shows the distribution of wind speed and direction at 10 m above the ground. Wuhan was mainly dominated by north and northeast winds in December 2019, with most of the wind speed below 6 m s^--1^. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b shows the GRAMM results for the most dominant wind scenario with a speed of about 5 m s^--1^, a direction of 8°, and neutral atmospheric stability, accounting for about 3.62% of all meteorological conditions. The wind direction was nearly the same in the whole area due to the relatively flat terrain, but the wind speed was much higher above water surfaces, e.g., the Yangtze River and lakes, due to the low surface roughness.

![(a) Wind distribution at 10 m above ground in Wuhan in December, 2019. (b) Wind field calculated by GRAMM (Graz Mesoscale Model wind fields) in the vertical first layer (10 m). (c) The black boxes were utilized to calculate the reference wind for the airflow network (AFN) analysis in the market street.](es0c02895_0002){#fig2}

The GRAL model was applied for detailed wind and dispersion calculations considering the effects of buildings with a resolution of 2 m. The black box in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b indicates the computational domain of the GRAL calculation. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c shows the results of GRAL for the wind field among the buildings near the market driven by the data from GRAMM in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b. The wind was nearly homogeneous except for the area near walls due to friction. The reference wind speed and direction for the windward and leeward facades in the airflow analysis to estimate the natural ventilation were calculated as averages within the black-dashed boxes in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c.

3.2. Influence Factors for Air Concentrations Inside Street No. 7 {#sec3.2}
-----------------------------------------------------------------

Four different cases were calculated to investigate the influences of particle size on the virus concentrations inside the market. The virus containing particles were assumed to be monodisperse in the four cases, with a diameter of 0.8, 1.8, 3.5, and 5.5 μm, which could be suspended in the air for a relatively long time. Most of the particles generated by normal breathing were within this range.^[@ref45]^ In all cases, one infected patient was assumed to be inside the market from 6:00 to 18:00 each day, with viral shedding rates of 50 PFU per hour, and the half-life periods were set as 12 h.

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a shows the results on two typical days, December 12 and 13. The air flow speeds inside Street No. 7 were about 0.5 cm s^--1^ and 0.2 cm s^--1^ on these 2 days. The results indicated that the concentration started to increase from 6:00 in the morning after the arrival of the infected person and decreased in the evening after 18:00 due to the lack of viral shedding, the deposition, the biologic degradation, and the ventilation. Large particles (e.g., 5.5 μm) had a lower concentration and rapidly reached equilibrium due to the higher deposition rate. Small particles were more difficult to remove from the air, so the concentration was higher and it constantly increased during the day with insufficient ventilation on December 13. The large particles (3.5 and 5.5 μm) were commonly completely removed from the air during the nights, but some of the small particles (0.8 and 1.8 μm) were able to remain suspended in the air.

![Viral concentration inside the market with natural ventilation: (a) influences of the particle diameters; (b) influences of the biologic decay, represented by the half-life periods.](es0c02895_0003){#fig3}

The other four similar cases were also calculated to investigate the influences of the viral biologic decay on the concentration. The particles were monodisperse with a diameter of 3.5 μm in these cases with half-life periods of 1, 12, 24, and 70 h, covering the range of reported values for coronaviruses. The viral shedding was the same with the previous cases. The results are shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b. Faster degradation, e.g., a 1 h half-life period, led to much lower concentration. The biologic decay only had marginal influences on airborne virus concentrations when the half-life period was longer than 12 h.

3.3. Air Concentrations inside Street No. 7 and Release into the Ambient Environment {#sec3.3}
------------------------------------------------------------------------------------

Monte Carlo (MC) simulations were conducted to investigate the airborne virus concentration inside Street No. 7 and the release into the outdoor environment using polydisperse particles, considering the uncertainties in the viral shedding and the biologic decay. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a shows the MC results of the airborne virus concentrations inside the market. The data for the whole month are shown in Figure S3 in the [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c02895/suppl_file/es0c02895_si_001.pdf). The median concentrations were close to those of large particles (3.5 and 5.5 μm) as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. It was suggested that breath aerosols were generated by fluid film ruptures in lungs during inhalation due to the expansion of the bronchiole,^[@ref67]^ so the viral shedding was proportional to the particle volume as shown in [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}. The viral shedding within the investigated range (\<5.5 μm) was dominated by the large particles due to the high volume, in spite of their low number concentrations, based on the assumption of homogeneous viral concentration in respiratory fluid. It should be noted that the assumption maybe was not valid for large droplets (\>5.5 μm), which could have different generation mechanisms. Some studies have shown that the viral shedding in droplets was comparable with that in aerosols.^[@ref48],[@ref49]^ In the MC simulations, most of the half-life periods were several hours, following the available biologic decay data of coronavirus.^[@ref51]−[@ref53]^ The 95% confidence intervals of the MC simulations were shown as the shaded areas, which indicated the influences of the uncertain viral shedding and biologic decay. The virus inside the market was transported into the outdoor environment by natural ventilation. As shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, the virus release is generally anticorrelated with the airborne concentration in Street No. 7 of the market.

![(a) Airborne virus concentration in Street No. 7 of the market; (b) release rates of the virus into the ambient environment.](es0c02895_0004){#fig4}

3.4. Outdoor Concentration Due to Atmospheric Dispersion {#sec3.4}
--------------------------------------------------------

The estimated release of virus into the ambient environment was utilized as the source term for the atmospheric dispersion calculations in the GRAL model. The source was at the outlet of the indoor flow, either the western or the eastern exit of the market street, which was dependent on the ambient wind direction. The area was dominated by north and northeast wind as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a, so the virus was primarily released from the western exit. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a displays the three-dimensional isosurface of 10^--6^ PFU m^--3^, to show the interaction between the plume and the surrounding buildings, in the most dominant wind scenario shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. The plume was initially horizontally transported above the parking lot by the wind among the buildings. The expanding width of the plume indicated rapid dilution. The virus was confined near the ground level during the early phase due to the absence of vertical air flow. The plume was then elevated by the building and vertically transported to high altitudes, which decreased the ground level concentration. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b shows the plume emitted from the eastern exit with 2.5 m s^--1^ southwest wind (210°). The results also indicated that the virus containing plume was near the ground level close to the market.

![Three dimensional 10^--6^ PFU m^--3^ isosurfaces: (a) the plume emitted from the western exit caused by 5 m s^--1^ north wind (8°) at 10 m above ground; (b) the plume emitted from the eastern exit caused by 2.5 m s^--1^ southwest wind (210°).](es0c02895_0005){#fig5}

[Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a shows the time averaged (between 6:00 to 18:00 in December 2019) spatial distribution of the virus concentration at 1.5 m above ground and the ground deposition. The outdoor concentration was orders of magnitude lower than that inside the market due to the strong dilution by the ambient air. The southwestern region had relatively high concentration due to the dominant north and northeast wind. The results also indicated that the outdoor air concentration significantly decreased with the increasing distance from the exits. The concentration was about 10^--4^ PFU m^--3^ near the market exits, but it decreased to about 10^--9^ PFU m^--3^ in the square in front of the train station, which was about 500 m to the west of the market. There were intensive concentration gradients near the market exits as shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b. The concentration decreased by 3 orders of magnitude from 10^--4^ PFU m^--3^ to 10^--7^ PFU m^--3^ within about 50 m near the western exit.

![Atmospheric transport of the virus containing aerosol outside the market: (a and b) airborne concentration, (c and d) ground deposition.](es0c02895_0006){#fig6}

The time averaged ground deposition of the virus containing particles is shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c and d. The most contaminated outdoor area was the parking lot close to the western exit, with deposition rates between 10^--7^ and 10^--5^ PFU m^--2^ h^--1^. The deposition rate was below 10^--7^ PFU m^--2^ h^--1^ in other areas. The virus could be accumulated if they were able to survive on the surfaces. The current reported survival time was up to several days, namely, 10^2^ hours. As a result, the accumulated active virus deposition near the exit could be up to 10^--3^ PFU m^--2^.

3.5. Infection Risk through Aerosol Transmission {#sec3.5}
------------------------------------------------

The infection risk was assessed based on the exposure dose *d* and the exponential dose--response model by Monte Carlo simulations. The uncertainties in three key factors were considered: biologic decay, viral shedding, and dose--response parameter. There were 100 values for each parameter, so 1 million runs were conducted.

[Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a shows the infection risk through aerosol transmission for 1 h of exposure. It should be noted that the following results were all based on the assumption of one infected person in the market. The risk would be increased if multiple infected persons were simultaneously inside the market. Conversely, the risk would be decreased with less exposure duration. The highest risk was observed inside the market because of the high virus concentration. The median infection risk of SARS-CoV-2 induced by aerosol transmission was 2.23 × 10^--5^, and the 95% confidence interval (CI) was from 1.90 × 10^--6^ (2.5% percentile) to 2.34 × 10^--4^ (97.5% percentile) for 1 h of exposure in Street No. 7 of the market, approximate to the risk of consumers in the market.

![Infection risk through aerosol transmission: (a) infection risk for 1 h exposure, the band inside the box was the median, the lower and upper boundaries of the box were respectively the first (25th percentile) and third quartiles (75th percentile), and the ends of the whiskers here represented the 2.5th and 97.5th percentiles. The outdoor risk was estimated by the assumption of standing in the downwind direction, namely, the maximum risk at a certain distance. (b) Risk for prolonged exposure inside the market, e.g., for shopkeepers working inside the market day after day. (c) Contributions of the uncertain parameters to the final uncertainty of the assessment.](es0c02895_0007){#fig7}

The infection risk by aerosol transmission for the pedestrians outside the market rapidly decreased due to dilution by ambient air. [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a shows the infection risk at 2 to 600 m away from the market exit if one stands in the downwind direction, namely, the maximum risk at a certain distance. The median risk at 5 m outside the market was 7.49 × 10^--8^ (95% CI: 4.12 × 10^--9^ to 1.13 × 10^--6^) for 1 h of exposure, which was about 2 orders of magnitude lower than the risk inside the market. The Hankou Train Station was about 600 m away from the market, with a median infection risk of 1.44 × 10^--11^ (95% CI: 9.28 × 10^--13^ to 1.92 × 10^--10^). The infection risk due to accumulated exposure in December was also estimated for the shopkeepers in Street No. 7 as shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b. The worst case was considered, which assumed that shopkeepers worked inside the market each day from 6:00 to 18:00 and were exposed to the virus-containing aerosols for one month. The final median infection risk through aerosol transmission was 9.76 × 10^--3^ (95% CI: 9.10 × 10^--4^ to 9.69 × 10^--2^). The infection risk through aerosol transmission was considerable for a person with prolonged exposure in the place without sufficient ventilation.

The 95% confidence interval of the estimated risk normally covered about 2 orders of magnitude, indicating significant uncertainties in the assessment caused by the current limited and uncertain information about SARS-CoV-2. [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}c shows that the dose--response model, viral shedding, and biological decay respectively contributed about 56.8%, 34.5%, and 8.7% to the final uncertainty. The shares of contributions nearly remained the same at different locations, except that the contribution of biological decay slightly increased from 8.66% in the market to 8.81% at 600 m away from the market because decay became more significant with longer transport time. The results suggested that the dose--response relation and viral shedding were the dominant factors for the uncertainties, thus more efforts should be taken to further investigate these factors.

We investigated the reduction of risk by enhancing the air changes per hour (ACH) as shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}. The insufficient ventilation about 0.1 ACH was one important reason for the relatively high risk in the market. The risk could be reduced by half with about 1 ACH, a typical value for retail stores and by about 4 times with 3.5 ACHs, typical for bars or restaurants. Increasing the ventilation to about 9 ACHs, as in healthcare facilities, made the risk about 10 times lower than the situation with natural ventilation. The typical air change rates shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} were the total rates, which included mechanical and natural ventilation rates.^[@ref68]^ It was reported^[@ref69]^ that mechanical systems accounted for about 70% of the total air exchange in retail stores, so mechanical ventilation is an important factor for enhancing the ventilation rates.

![Reduction of infection risk through aerosol transmission by increasing the air changes per hour (ACH) inside the market. The dashed lines mark the typical total ACHs for retail stores, offices, bars/restaurants, and healthcare facilities.^[@ref68]^](es0c02895_0008){#fig8}

4. Implications {#sec4}
===============

In this study, the aerosol transmission risk of SARS-CoV-2 was quantitatively assessed based on the current available information about SARS-CoV-2, SARS-CoV, and other coronaviruses. The most probable range (95% confidence interval) of risk was estimated. The results suggested that the dose--response relation was the dominant factor for the uncertainties, followed by viral shedding. SARS-CoV-2 seems to have stronger transmissibility, and a recent study indicated that SARS-CoV-2 has a higher binding affinity with the host cell receptor (ACE2) than SARS-CoV.^[@ref70]^ As a result, it becomes important to fully consider the uncertainties, e.g., 97.5th percentile, for decision making to keep sufficient safety margins. The uncertainties will remain, until enough information, e.g., the dose--response relation and viral shedding of SARS-CoV-2, are obtained, which could take a long time.

Considering the current uncertainties, the infection risk from aerosol transmission could not be ruled out for the consumers in the poorly ventilated markets. According to the Wuhan Municipal Health Commission, there were 12 822 available hospital beds for COVID-19 treatment (Feb. 11, 2020), about 1.17 × 10^--3^ per capita,^[@ref71]^ shown as the blue dashed line in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a. In Wuhan, centralized admission in hospitals was required for all confirmed cases. We consider the risk to be manageable if all the expected infected people in Wuhan can be handled by the available medical resources, in other words, if the infection probability is lower than the number of local hospital beds for COVID-19 treatment per capita. The manageable risk could be higher if home quarantine is allowed for patients with mild symptoms. With the assumption of one infected shopkeeper in the market, the 97.5th percentile infection risk by aerosol transmission was about 2.34 × 10^--4^ and could be reduced to about 10^--4^ with the typical ventilation rate (1 ACH) as shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}, for customers with 1 h of exposure in poorly ventilated markets similar to the seafood market. The risk was about 5 to 10 times lower than the manageable risk (1.17 × 10^--3^), but it could be increased by several times if multiple infected shopkeepers were simultaneously in the market, becoming close to the manageable risk. As a result, washing hands and social distancing may not be enough for these worst scenarios. We would recommend that people working in poorly ventilated markets wear masks to reduce potential viral shedding, and the consumers could also shorten the time in the markets to keep the risk by aerosol transmission well below the limit of the local medical resources.

About the results presented in this study, it should be noted that only one infected person was assumed to be inside the market, but there might be simultaneously multiple infected people, which could increase the risk. More detailed risk assessment should be further conducted for the aerosol transmission in poorly ventilated markets with multiple infected shopkeepers. The risk estimated here was only through aerosol transmission. The infection risk due to close contact (direct/indirect) and large respiratory droplets by coughs or sneezes or droplets of saliva was not included in this study.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acs.est.0c02895](https://pubs.acs.org/doi/10.1021/acs.est.0c02895?goto=supporting-info).Wind driven cross ventilation, estimation of the friction velocity inside the market, deposition inside the market, lung deposition, viral concentration in the market in December 2019, Figures S1--S3, and eqs S1--S21 ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c02895/suppl_file/es0c02895_si_001.pdf))
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